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Abstract
The Pebble Bed Advanced High Temperature Reactor (PB-AHTR) is a next
generation reactor design proposed by the University of California at Berkeley. Oak
Ridge National Laboratory’s Liquid Salt Test Loop (LSTL) is designed to simulate
AHTR operating conditions for component testing. In this study, COMSOL Multiphysics
is used to model the LSTL. Full 3D modeling of the LSTL is computationally expensive.
However, COMSOL allows users to combine 1D, 2D, and 3D fluid flow physics in order
to design models that are both representative and efficient. 1D pipe flow calculations are
used for the piping sections. COMSOL’s porous media module is used with a 2Daxisymmetric geometry to model the fluid flow and heat transfer in the pebble bed core.
The heat exchanger used to reject the loop energy to air was modeled using a 3D kepsilon turbulence model. Modeling the LSTL in this manner requires 1D-2D and 1D-3D
couplings using average operators on the 2D and 3D boundaries derived from the
corresponding 1D boundary conditions. Using this strategy, a coupled model has been
developed in COMSOL that provides CFD and heat transfer predictions for the LSTL.
The model is presently being used to evaluate heat exchanger performance and determine
potential loop operating points. The COMSOL results will be validated against
experimental data once the loop is operating in 2014.
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Chapter 1
1.1

Introduction

Background
Liquid fluoride salts are desirable as high temperature energy system coolants due

to low vapor pressure at high temperatures. This reduces the cost and complexity of the
salt flow loop structures. In addition, fluoride salts offer high thermal conductivities and
low corrosive effects when properly purified. Currently, there is no widely accepted high
temperature energy transport fluid. Though many salts such as FLiNaK, FLiBe, and NaFZrF4 have been researched for their thermophysical properties, very few have been
experimentally studied in a liquid salt test loop featuring advanced reactor components.
ORNL’s Liquid Salt Test Loop (LSTL), shown in Figure 1, aims to experimentally test
heat transfer properties of FLiNaK salt in a pebble bed flow channel and air-cooled heat
exchanger. In addition to the pebble bed flow channel, the performance of various
thermocouples, level detection devices, and a pressure transducer and flow meter will be
tested with FLiNaK salt at temperatures up to 700 °C.
The LSTL has been constructed to support development of an FHR concept called
the Pebble Bed Advanced High Temperature Reactor, designed by UC-Berkeley. The
LSTL can operate up to 700 °C at a system pressure of about 30 psig. The LSTL pebble
bed is heated by an induction coil, which is in turn powered by a 200 kW power supply.
A forced flow, air-cooled heat exchanger removes heat from the system.
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Figure 1. ORNL’s Liquid Salt Test Loop.

1.2

Objectives and Requirements
This thesis develops a computational fluid dynamics (CFD) and heat transfer

model of the LSTL that provides simulated results in a computationally non-intensive
manner. Once the LSTL is running, these results will be benchmarked against the
experimental data to confirm model performance. COMSOL Multiphysics was selected
as the code to use for this modeling due to its capability to couple fluid computational
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domains of different dimensionality. A full 3D model of the LSTL is unnecessary given
that significant sections of the loop consist of piping and radially symmetric components.
COMSOL’s 1D Pipe flow module was used to calculate the velocity and pressure drop in
the piping sections of the loop. For the pebble bed section, the Porous Media module was
used to calculate a radially symmetric velocity profile and pressure profile through the
bed. In the heat exchanger, the CFD module was used to run a full 3D k-epsilon turbulent
flow simulation. These component simulations of dis-similar spatial dimensionality are
coupled as an open loop system model. The integrated COMSOL model is compared to a
1D AFT Fathom pipe network model, and to hand calculations using standard
engineering models. Component models for the pebble bed are also compared to legacy
engineering models.
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Chapter 2
2.1

Application

PB-ATHR
2.1.1

Design. The PB-AHTR is a high-temperature, high-efficiency,

liquid salt cooled reactor design being developed at UC-Berkeley in collaboration with
Oak Ridge National Laboratory and other DOE national laboratories. Due to its high
power density of 20-30 MWth/m3, the 900 MWth PB-AHTR core is about 1/10th the
volume of a 600MWth GT-MHR reactor vessel. This high power density is achieved by
using 3-cm diameter graphite pebbles containing TRISO fuel, with a core outlet
temperature of 700 °C.
The PB-AHTR design uses FLiBe salt as the primary coolant and FLiNaK salt as
the intermediate coolant. FLiBe was selected as the primary coolant for its low parasitic
neutron capture and high moderating capability, which allow for the design of a reactor
core with a negative void reactivity. According to UCB calculations, FLiBe occupies
40% of the core volume and absorbs ~8% of the neutrons while also acting as an
effective neutron moderator. FLiNaK was selected as the coolant for the intermediate
loop, which carries energy to the helium working fluid of the Brayton cycle.
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Figure 2. Power Conversion system for the PB-AHTR (Ref. 7).

Fuel pebble density is set at ~86% of the FLiBe salt operating density of 1.96
Kg/m3 so that the pebbles will naturally float up to the top of the bed7. The top of the
reactor core features a set of defueling chutes that collect the pebbles as they float up
through the core. From here, the pebbles are either put back into the reactor through the
bottom of the core or are discarded for storage or recycle depending on their burn-up.
Due to high burn-up potential and power conversion efficiency, the PB-AHTR requires
70% of the natural uranium and 80% of the enrichment separative work needed for a
typical PWR (Ref. 7).

6
2.1.2

Performance. The PB-AHTR achieves a 46% power conversion

efficiency by using a multi-reheat Brayton cycle (Ref. 7), shown above in Figure 2. The
reactor is capable of producing 410 MWe at full power, and is scheduled to run on 6month cycles. Fuel pebbles are planned to run in a dual-cycle system, so that half of the
pebbles in the core are fresh and half are on their second 6-month cycle.
The PB-AHTR has passive safety systems for reactivity control and decay heat
removal. Classical forced shutdown rods as well as buoyancy-force driven shutdown rods
are used to control reactivity in an off-normal event. The core’s low excess reactivity and
intrinsic negative coolant and fuel temperature reactivity feedback aid the shutdown rods
in system control. Normally, shutdown heat removal is performed by the intermediate
heat transfer loop (FLiNaK). However, a passive Direct Reactor Auxiliary Cooling
System (DRACS) is also available. The DRACS features an air-cooled chimney style
natural circulation heat exchanger to reject decay heat during an off-normal event. After a
loss of on-site pumping power, flow through the reactor core slows and eventually
reverses in the DRACS by way of natural circulation. A vortex flow diode on the
DRACS leg allows natural circulation to be the driving force for heat rejection without
active system intervention, while minimizing parasitic heat loss during normal operation.
The PB-AHTR plant design with reactor core, DRACS, and power conversion system is
shown in Figure 3.
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Figure 3. PB-AHTR Power Plant Design (Ref. 7).

2.2

Liquid Salt Test Loop
2.2.1

Design. ORNL’s Liquid salt test loop features an inductively

heated graphite pebble bed flow channel and air-cooled heat exchanger. The randomly
packed pebble bed contains 3 cm diameter graphite spheres that simulate the heat transfer
of graphite fuel pebbles. An induction heating coil was selected as the heating source in
order to facilitate the desired nuclear fuel heat generation properties. The pebble bed
housing is a 72 cm x 15 cm diameter Silicon Carbide (SiC) cylinder, chosen for its
transparency to the electromagnetic (EM) field produced by the induction coil. The
graphite spheres are heated by the EM field and exhibit heat generation characteristics
similar to PB-ATHR fuel. FLiNaK was selected as the loop coolant in order to obtain
experimental computational fluid dynamics (CFD) and heat transfer (HT) data for the
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secondary coolant in the PB-AHTR design, while avoiding safety issues associated with
the use of Beryllium. A loop schematic is shown below in Figure 4.

Figure 4. Schematic of ORNL’s Liquid salt test loop (Ref. 3)

Loop cooling is supplied by an air-cooled finned tube heat exchanger designed to
reject the 200 kW of heat load into the system by the induction coil. Loop pressure is
maintained by an Argon cover gas supply system. All 3 salt tanks have independent cover
gas supply’s that are used to fill and pressurize the loop prior to pump startup. A surge
tank at the top of the loop allows the loop to be completely filled without the threat of
bubbles in the system and establishes system pressure during operation.
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Trace heating and thermal insulation is applied on all piping sections of the loop
to ensure that the loop temperature remains above the FLiNaK melting temperature of
454°C. The storage, sump, and surge tanks are encapsulated in custom heater blankets
that also serve as thermal insulation. The heat exchanger upper and lower tanks are
heated by tubular resistance heating elements to eliminate cold spots. Sliding doors at the
heat exchanger air inlet and outlet allow the 14 finned tubes to be heated, also with
tubular heating elements, above the FLiNaK melting temperature.
Salt will be purified in a Nickel crucible located near the loop by bubbling HF gas
to remove water, oxygen, and other impurities. Once melted and purified in the crucible,
salt is transferred through a Nickel tube to the storage tank, which serves as long-term
salt storage. To fill the loop, all trace heating and heating blankets must pre-heat the
entire loop. The storage tank can then be pressurized to push salt into the sump tank.
While holding pressure in the storage tank, the sump tank is then pressurized to push salt
into the loop. At that point the storage tank is isolated, the surge tank is pressurized to
hold the salt level steady, and the loop is ready for operation by starting the pump and
applying power to the induction coil.
2.2.2

Performance. The centrifugal, vertical shaft driven pump is

designed to provide an operating mass flow rate of 4.5 Kg/s. This flow rate is based on
simulating conditions in the PB-AHTR. Matching the pebble Reynolds number ensures
that the heat transfer and fluid flow conditions in the LSTL are representative of the PBATHR:
!"! =

!!! !!
!
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where,
! = !"#$!!"#$%&'
!! = !"#$%&'(')*!!"#!!"#$%&'(
!! = !"##$"!!"#$%&%'
! = !"#$!!"#$%#"&'
The PB-AHTR design uses the same diameter pebbles (3 cm) as those in the LSTL.
Reactor operating conditions are 700°C and a superficial bed velocity of 35 cm/s with
FLiBe salt (! = 1940 Kg/m3, ! =6.78x10-3 Pa-s). This results in a pebble Reynolds
number of 3100.
Dependent on factors such as loop size and cost, it was determined that the LSTL
pebble Reynolds number did not need to exactly match that of the PB-AHTR, but instead
only be above the Reynolds critical number for turbulent, developed flow (Re = 2000).
The pebble Reynolds number for the LSTL was then set to !"! = 2600, which
corresponds to the mass flow rate previously referenced.
Pebble bed void fractions are greatly affected by the ratio of bed diameter to
pebble diameter. Pebble packing is limited at the wall surface, resulting in an increased
void fraction. The non-dimensional length scale D* is used in evaluating the effect of the
bounding wall, defined:
!∗ =

!!

!!

where,
!! = !"#!!"#$%&%'
!! = !"##$"!!"#$%&%'
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Studies have shown that when D* is greater than 25 the void fraction at the center of the
bed is no longer impacted by the wall effect. For the PB-AHTR, D* is approximately 6.7,
indicating that the pebble bed centerline is greatly affected by the wall. D* for the LSTL,
therefore, could be much less than 25 and still provide an accurate simulation of the PBAHTR core. In order to minimize the required flow through the pebble bed, a bed
diameter of 15 cm was selected for the LSTL. This corresponds to a D* value of 5, which
is very close to the PB-AHTR D* value of 6.7.
The induction coil is designed to apply a maximum of 1285 W/pebble (peak), the
same as the PB-ATHR. Assuming a total power input to the pebble bed of 150 kW, a
fluid ΔT of 20°C is expected through the pebble bed. At steady state, the same amount of
heat is expected to be rejected in the heat exchanger, resulting in a ΔT of -20°C. The table
below shows the expected pressure and temperature values at various points in the LSTL.
Locations listed in Table 1 are shown in Figure 5.

Table 1. Expected loop pressure and temperature characteristics
Location
Pressure, psig
Temperature, °C
Pump discharge
Test section outlet
Surge tank liquid level
Heat exchanger inlet
Heat exchanger outlet
Pump suction
Sump liquid level

29.8
21.8
15.0
15.3
12.7
8.1
7.2

680
700
700
700
680
680
680
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Figure 5. LSTL schematic depicting locations listed in Table 1.
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Chapter 3
3.1

Theory

1D-3D Coupling
3.1.1

Velocity Profile Mismatch. 1D to 3D couplings occur at the heat

exchanger inlet and outlet. In the 1D pipe flow sections, the fluid has a uniform velocity
profile. In the 3D turbulent flow sections, the fluid is approximated with a 1/7th power
law velocity profile ( Re = 7.8 ×10 4 ) , defined:

( ( R ))

v ( r ) = 1− r

1

7

vcL

where
r = local radius
R = tube radius
vcL = centerline velocity
At the 1D-3D interface, the fluid velocity profile must make a transition from a constant
velocity to the radially dependent power law profile shown above. This velocity profile
mismatch causes a momentum and energy difference across the transition. Mass flow
across the interface is assumed to be constant for the momentum and energy evaluation.
Using Reynolds Transport Theorem (RTT), this difference can be quantified. RTT is
shown below

d
dt

!

!

∫∫∫ ρc dV + ∫∫ ρcv ⋅ n̂ dS = ∫∫∫ ρφ dV + ∫∫ J ⋅ n̂dS
V

S

V

S

!
mass: c = 1, J = 0, φ = 0
! !
!
momentum: c = v, J = τ − PI, φ = g
v2 !
!
! !
energy: c = u + , J = q$$ + (τ − PI )⋅ v, φ = q$$$ + g ⋅ v
ρ
2
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The change in pressure from the 1D outlet to the 3D inlet is found by performing a
momentum balance at the interface. With the mass balance assumed exact, the 1D flow
velocity is given as:
r

1

∫(
0

( R ))

1− r

7

ρ 2π rdr = π r 2 ρ v

The 1D momentum then causes a mis-representation of the 3D momentum, which can be
expressed as a pressure defect,
r

#
ΔP = ρ v − ∫ % 1− r
R
0 $
2

( ( ))

1

2

7

&
( ρ 2π rdr
'

This defect is evaluated as 599 Pa for v = 3.96 m/s .
Similary, an energy mismatch is found at the interfaces, where internal energy is
lost from 3D to 1D, and gained from 1D to 3D due to velocity and temperature profile
averaging followed by reconstruction. The energy mismatch results in a Δu of 2.7 J/Kg
for ΔP = 599 Pa and v = 3.96 m/s . These momentum and energy mismatches will occur
at the 1D-3D and 3D-1D interface as a result of products of averages not being equal to
averages of products. This assessment offers representative values for errors introduced
by these approximations.
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Chapter 4
4.1

Computational Modeling

CFD
4.1.1

Pipe Flow. The 1D Pipe Flow module in COMSOL allows users to

model pipe flow sections in a simple and efficient manner. COMSOL calculates the
pressure and velocity of an incompressible fluid by solving applicable continuity and
momentum equations. For this model, 1D pipe flow calculations are performed on lines
drawn in the 3D model window. These lines represent the pipe flow sections, and are
assigned pipe characteristics such as diameter, wall thickness, etc. Figure 7 shows the
pipe flow locations before and after the heat exchanger and pebble bed. The momentum
and continuity equations for pipe flow (Ref. 1) are given below:
Momentum: ρ

∂u
ρ
= −∇p − fD
u u +F
∂t
2dh

Continuity:

∂Aρ
+ ∇ ⋅ ( Aρ u ) = 0
∂t

Here, u is the cross section averaged velocity, p is pressure, fD is the Darcy friction
factor, and F is a volume force term. dh is the hydraulic diameter, given by

dh =

4A
Pwet

dh = d (cylindrical pipes)

16
where A is the cross sectional area available for flow, Pwet is the wetted perimeter, and d
is the cylindrical pipe diameter. For the 1D pipe flow calculation, a tangential unit vector,

e t is used for direction in the momentum equation.

Figure 6. Unit tangent vector to pipe axis.

e t is defined by x, y, and z components:
e t = ( et,x et,y et,z )
All velocity components normal to the pipe axis are assumed to be zero, so the
momentum balance can be rewritten:

% ∂u
(
ρ
et ⋅ 'ρ = −∇p − fD
u u + F*
2dh
& ∂t
)

The tangential velocity can now be defined as u = uet and the volume force F = Fet , so
the momentum balance can be rewritten in the steady-state form:

0 = −∇p − fD

ρ
uu +F
2dh

The tangential velocity u is the quantity the user defines for an inflow boundary
condition, and the quantity that COMSOL solves for along the pipe edge. COMSOL
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makes the following assumptions in the pipe flow calculation (COMSOL Multiphysics
2013) :
•

The velocity profile is fully developed and does not change within a section

•

The cross section area is allowed to change between pipe segments

•

Empirical functions describe viscous losses

•

Shocks are neglected (low Mach number incompressible flow)

•

The flow direction is in the direction of the pipe axis

The Darcy friction factor, fD , accounts for pressure drop due to viscous shear along a
pipe length. The Darcy friction factor is a function of Reynolds number and the surface
roughness divided by the hydraulic diameter:

!
e$
fD = fD # Re, &
dh %
"
where

Re =

ρudh
µ

Surface roughness values are predefined for a set of materials in the user interface, and
can also be manually entered for other materials. The Churchill equation (shown below)
was selected to calculate fD in COMSOL because it is acceptable in all ranges of
Reynolds numbers: laminar, transitional, and turbulent.

18
1

(! 8 $12
+ 12
−1.5
fD = 8*# & + (A + B) *)" Re %
-,
where A and B are defined:
16

(
"" 7 %0.9
%+
A = *−2.457ln $$$ ' + 0.27 e ''d *)
## Re &
&,

( )

16

" 37530 %
B =$
'
# Re &

Minor losses such as bends, valves, junctions, contractions, and expansions are
added as point conditions between pipe segments in the Pipe Flow Module. These losses
are responsible for abrupt pressure drops in their locations. Pressure drop is calculated:

1
Δp = K f ρu 2
2
Loss coefficients, K f , are predefined in the COMSOL Pipe Flow user interface and can
be found on page 39 of Ref. 6. Figure 7 shows the edges where the 1D pipe flow
calculation is performed in a 3D geometry.

19

Figure 7. LSTL model geometry showing 1D pipe flow lines.

4.1.2

3D Turbulent Flow. The 3D flow physics are based on the general

Navier-Stokes equations for mass, momentum, and energy:

∂ρ
+ ∇ ⋅ ( ρu ) = 0
∂t
∂u
momentum: ρ + ρ (u ⋅ ∇) u = ∇ ⋅ [− pI + τ ] + F
∂t
% ∂T
(
(
T ∂ρ % ∂p
energy: ρC p ' + (u ⋅ ∇) T * = − ( ∇ ⋅ q ) + τ : S −
' + (u ⋅ ∇ ) p * + Q
& ∂t
)
)
ρ ∂T p & ∂t
mass:

The fluid is assumed Newtonian, so the viscous stress tensor, τ, becomes:

2
τ = 2µ S − µ ( ∇ ⋅ u) I
3
where S is the strain-rate tensor
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S=

1
T
∇u + ( ∇u)
2

(

)

Under the Newtonian fluid assumption, the dynamic viscosity, µ, is dependent on the
thermodynamic state but not on the velocity field. Temperature-dependent viscosity
values are used in this COMSOL model from Ref. 2.
At the wall boundary, a no-slip condition is assumed, which leads to the
development of the velocity profile due to wall shear. The fluid velocity at the wall is
zero:

uw = 0
The k-ε turbulence model introduces two additional transport equations and two
dependent variables: the turbulent kinetic energy, k, and the dissipation rate of turbulence
energy, ε. The turbulent kinetic energy is defined:
k=

3
2
(U0 IT )
2

where

U 0 = velocity magnitude
IT = turbulent intensity
The dissipation rate of turbulence energy is defined:
3

3

ε = Cµ

4

k 2
LT

where
Cµ = 0.09 (modeling constant)
LT = turbulent length scale
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Turbulent intensity and length scale are both variables requiring an input for the
k-ε model. The turbulent length scale is a physical quantity describing the size of the
large energy-containing eddies in a turbulent flow. The turbulent length scale can be
estimated for fully developed pipe flow based on hydraulic diameter:

LT = 0.038dh
For the heat exchanger, the hydraulic diameter at the inlet is 0.0254 m.
Turbulent intensity is the ratio of the root-mean-square of the turbulent velocity
fluctuations to the mean velocity of the flow. For fully developed pipe flow, turbulence
intensity is estimated to be (Ref. 14):

IT = 0.16 × Re
4.1.3

−1

8

2D-axisymmetric Porous Media. There are a few different ways to

model the pebble bed section of the Molten Salt Loop in computational fluid dynamics.
For this experiment, the Porous Media module was used in COMSOL. The Porous Media
module allows the user to input porosity and permeability data into the geometry of
interest. This greatly reduces the complexity of the problem and significantly cuts down
on computational time. Because the geometry of interest is a cylinder, a 2D-axisymmetric
geometry was used in COMSOL. Another option is to build a full-scale 3D model and
treat the pebble bed as a turbulent flow channel. Running a full 3D model is quite
computationally intensive and is also difficult to model geometrically. In order to
accurately model a randomly packed bed, a high quality CT scan of the existing pebble
bed would be required to extract a 3D CAD model and feed into COMSOL. Another
issue with this approach is obtaining and knowing how to use imaging software that is
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accurate enough build the 3D geometry correctly. Very small tolerances are required at
pebble-pebble and pebble-wall contact points to correctly model the flow fields around
the pebbles themselves.

4.2

Heat Transfer
4.2.1

Pebble Bed. Heat transfer in the pebble bed is modeled using

COMSOL’s ‘Heat Transfer in Porous Media’ function in the porous media module. The
pebble bed channel wall is assigned a zero heat flux (thermal insulation) term, so that
heat only leaves the pebble bed through the outlet. The thermal insulation term is detailed
below.
−n ⋅ (−k∇T ) = 0

n = directional term
k = thermal conductivity
∇T = temperature gradient
Because the heat source for the pebble bed is an induction coil known to deliver
200 kW to the pebbles, a total power heat source was selected in COMSOL. This heat
source is detailed below
Q=

Ptot
V

Q = volumetric heat term
Ptot = total power
V = volume
Ptot was assigned 200 kW, and COMSOL calculated the volumetric heat term based on
the pebble bed volume. Heat transfer in the pebble bed is modeled by the energy balance
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below, which has a convection term on the left side, and conduction and power terms on
the right side.

ρC pu ⋅ ∇T = ∇ ⋅ ( k∇T ) + Q
ρ = density
C p = specific heat
u = fluid velocity
The porous media module then solves this equation with temperature-dependent
properties to find the steady state solution. LSTL inlet temperature is set at 680 °C.
4.2.2

Heat Exchanger Tubes. The heat exchanger on the LSTL removes

heat from the system by having fluid flow through the heat exchanger tubes. These tubes
have finned outer walls with a loop design volumetric flow of 2.77 m3/s of air flowing
around them. Heat is rejected from the fluid through the heat exchanger tube wall and
transferred to the outside moving air. Because the finned tube walls would be quite
complex to build and model in COMSOL, a representative heat transfer coefficient is
calculated and applied to the outer tube wall. The heat transfer coefficient is calculated
from a Nusselt correlation in Table 6.4 from Ref. 10. The correlation is based on
staggered tube bundles with helical fins. A Reynolds number is calculated for air flowing
through the tube bundle using tube diameter, d, and the velocity in the narrowest cross
section between neighboring tubes, found to be 14.4 m/s. This yields a Reynolds number
of 23,500 which corresponds to the Nusselt correlation in the Appendix. The Nusselt
correlation results in a Nusselt number of 93.85. Using Nu=

hd
, a heat transfer
k

coefficient can now be calculated. For the tube bundle, d = 0.0254 m, and for air, k =
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0.0257 W/m*K. Applying these values yields a surface heat transfer coefficient of 81.04
W/m2*K. However, this heat transfer coefficient is based on the total fin surface area of
7.49 m2. The total surface area of the heat exchanger tubes in the LSTL model is 0.559
m2. Re-calculating the heat transfer coefficient to be dependent on tube surface area
results in a value of 1,086 W/m2*K.
Now that a heat transfer coefficient has been calculated, it is assigned to the tube
outer walls in the heat exchanger, shown in Figure 8.

Figure 8. Heat transfer coefficient applied to outer walls of heat exchanger tubes.
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The assigned heat flux is dependent on a heat transfer coefficient and temperature
difference between the external bulk temperature and surface temperature of the tube
wall.
q = h ⋅ (Text − T )

For the LSTL, the bulk air temperature is 20 °C. This heat flux assignment is responsible
for all of the heat transfer in the heat exchanger.
Modeling heat transfer due to radiation is outside the scope of this model
simulation. In order to model radiation heat transfer, the air duct and finned tubes need to
be modeled. An estimate of the radiation heat transfer is calculated using

q '' = εσ (Th4 − Tc4 )

ε = emissivity of object
σ = 5.6703×10 −8 W 2 4 (Stefan-Boltzmann Constant)
mK
Th = temperature of hot object (K)
Tc = temperature of cold object(K)

(

)

Assuming the tubes are not finned, the tube surface temperature is 650 °C, the air duct
enclosure walls are 50 °C, and they completely surround the heat exchanger tubes, then
the radiation heat transfer from the heat exchanger tubes to the duct walls is about 35.6
kW/m2. The tubes see the radiation from one another, so this will over estimate the
outcome. Dividing q '' by ΔT = 600 °C results in a radiation effective heat transfer
coefficient of 59 W/m2-K. The fins make this evaluation much more challenging, as they
are absorbing, re-radiating, and convecting.
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4.3

Meshing
4.3.1

Pebble Bed. The pebble bed is modeled as porous media in a 2D

radial geometry and meshed using COMSOL’s default mesh settings with added
boundary layers at the silicon carbide wall. The default ‘coarser’ setting was used, as this
is the finest mesh that allows the coupled model to converge. Independent studies of
pebble bed mesh refinement have shown that finer meshes do not have a significant
impact on results. Therefore, the ‘coarser’ mesh setting is a compromise that yields
acceptable results while avoiding a convergence issue. The pebble bed mesh consists of
1,939 elements and is shown in Figure 9.

Figure 9. Pebble bed mesh using COMSOL’s ‘coarser’ mesh setting (left) and a blown up
view of mesh boundary layers (right).
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4.3.2

Piping. Piping sections of the LSTL are modeled using

COMSOL’s pipe flow module. Meshing was adjusted in order to have nodes every 1.5”
in the piping. Because the pipe flow module only uses simple 1D loss calculations, this
part of the LSTL mesh adds minimal degrees of the freedom to the model. The piping
mesh is shown in Figure 10.

Figure 10. Piping Mesh.

4.3.3

Heat Exchanger. The LSTL heat exchanger was meshed using

COMSOL’s default ‘Fine’ setting for fluid dynamics. 4 boundary layer nodes were added
to the mesh to capture the near-wall flow characteristics. The first layer thickness
adjustment factor was set to 0.5 to ensure the first boundary layer nodes were located in
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the viscous sublayer. This mesh consisted of 332,912 elements and accounted for a vast
majority of the size of the model. Fluid velocity in the heat exchanger inlet and outlet, as
well 13 of 14 heat exchanger tubes was found to be turbulent. So in addition, running a kepsilon turbulence model on this fine mesh accounts for nearly all of the degrees of
freedom in the model. This mesh size was selected for convergence and run-time. The
model with the current mesh, shown in Figure 11, takes about 6.5 hours to solve and has
an average velocity inlet/outlet difference of only 2.3%. The mesh is shown below.

Figure 11. Heat exchanger mesh.
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Because the heat exchanger tube walls are only 0.065” thick, the mesh also
needed to be fine enough to accurately represent the geometry of the inner and outer tube
diameters. The next mesh size down squares off significant parts of the tubes and does
not accurately calculate conduction through the tube wall to the outer heat transfer
coefficient. A blown-up view of the mesh at the inner and outer tube walls is shown
below in Figure 12.

Figure 12. Blown-up view of the heat exchanger mesh in the tube walls.

4.4

Model Couplings and Issues
4.4.1

Coupling Separate Models. COMSOL is designed so that the user

can develop and solve multiple models within a single COMSOL file. This allows models
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made in different spatial geometries (1D, 2D, 3D) to be coupled together and solved
simultaneously. The variable coupling used in this model is performed by using average
and integration operators. Variable coupling is performed at 1D points, and 2D and 3D
boundaries. In order to couple variables at a 1D point to a 3D boundary, the integration
operator is used. Because the variable at the 1D point is a scalar value, the integration
operator applies the scalar value to the entire 3D boundary. In order to couple variables at
a 3D boundary to a 1D point, the average operator is used. The average operator averages
the variable across the 3D boundary and applies that scalar value to the 1D point. These
coupling operators are used to couple pressure, velocity, and temperature at each of the
1D-3D and 1D-2D interfaces. Loop inlet and outlet temperature are not coupled, resulting
in an open loop simulation.
A major benefit of the 1D Pipe Flow module is that the 1D calculation can be
performed on lines in a 3D geometry. This allows the user to model both 1D and 3D
components in the same 3D geometry. So for the LSTL model, all 1D pipe flow and 3D
turbulent flow sections are built in the same model. However, the pebble bed section
must be built in a separate model because the porous media physics are calculated in a
2D-axisymmetric geometry. The pebble bed inlet velocity is dependent upon the outlet
velocity of the upstream pipe section, and the pebble bed outlet pressure is dependent
upon the downstream pipe pressure. Inlet and outlet pebble bed temperatures are
transferred to the pipe section temperatures at the interfaces.
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If both of the coupling variables at an interface are in the same model, then only
the basic operator syntax is required to call the coupling operator. Basic coupling
operator syntax is shown below:

Integration = intop#(variable)
Average = aveop#(variable)
The # sign indicates which integration or average operator is to be called, and the
‘variable’ indicates the required COMSOL syntax for whichever variable the operator
will evaluate. For example, to average the velocity at a 3D boundary, an average operator
is assigned to that boundary: aveop1. The COMSOL syntax for fluid velocity is spf.U, so
the full operator syntax is aveop1(spf.U). In the same manner, to integrate the pressure at
a 1D Pipe Flow point, the full operator syntax would be intop1(p) where p is the pipe
flow pressure.
4.4.2

Coupling Variables. If the coupling variables at an interface are not

located in the same model, then global variables must be used. This occurs at the pebble
bed inlet and outlet, where 1D pipe flow variables are called from the 3D model to the
2D-axisymmetric porous media model. To add global variables to the model, a variables
node must be added to the model under global definitions (shown in Figure 13). Any
variables listed under global definitions are available in all of the models built within the
COMSOL file.
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Figure 13. Global variables shown in the COMSOL GUI.

4.5

Various Errors
It is important to note that although the coupling worked well, getting past various

errors and model setup issues took a considerable amount of time. One particular NavierStokes error was never fully understood even when COMSOL was contacted about the
issue. This Navier-Stokes error would typically come up when trying to create different
meshes in an effort to perform a mesh refinement study. This issue led to certain mesh
and boundary layer combinations resulting in errors for unexplained reasons.
Another issue that took some time to work through was setting the coupled
variables to apply reaction terms on ‘individual dependent variables’. The reaction term
is a term used by COMSOL to represent the constraints placed on variables at a boundary
condition. The default setting is to apply reaction terms on ‘all physics (symmetric)’.
Under the default setting, reaction term forces are generated at the boundary for the zero
Neumann constraint. However, in this case, because a non-zero quantity is being coupled
between the 1D and multidimensional boundaries, the Neumann constraint does not hold
and a reaction term must be computed to perform the coupling. The model couplings will
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not work and the simulation will fail until these constraint settings are changed to apply
reaction terms on ‘individual dependent variables’.
It was also discovered that model convergence was limited by the mesh size in the
2D-axisymmetric porous media section. The segregated step containing the pebble bed
variables would flat-line at a value above convergence (0.02, for example). This is still
not fully understood, as the porous media section solves quickly with fine meshes when
run separately from the rest of the model. In order to attain convergence of the coupled
model, the porous media section uses COMSOL’s default ‘coarser’ mesh setting. 5
boundary layer nodes were added to capture the high voidage areas that occur near the
wall in the pebble bed. By studying this section independently from the rest of the loop, it
was discovered that a finer mesh did not have a significant impact on results.
4.6

Computing Power
A Dell Precision T3500 workstation was used to run COMSOL. This desktop was

equipped with an Intel Xeon quad-core CPU rated at 2.80 Ghz, with 24 GB of RAM. A
segregated, 3 group solver was used to compute the coupled model. Direct solvers were
used with each segregated step. Convergence criteria for all 3 solvers was set to 0.001.
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Chapter 5

Porosity Profile Comparison

In the graphite pebble bed, there is an average radial voidage variation due to the
effect of the SiC wall. Theoretically, the voidage will be greatest at the wall where the
pebble packing is at a minimum. Moving away from the wall, the voidage will vary
radially due to random packing until it reaches a steady average value at a certain
distance from the wall. However, because the pebble bed in the LSTL is only 5 pebble
diameters wide, the average voidage never reaches an unchanging spatial average across
the pebble bed. Establishing the correct porosity profile in the COMSOL model is
important to accurately model the pressure drop and temperature increase through the
pebble bed. In the porous media module, COMSOL requires porosity and permeability
inputs. These values were input to COMSOL using tabulated data with an interpolation
function.
Tabulated radial voidage data was produced for the graphite pebble bed by Dr.
Gary Mueller at Missouri University of Science & Technology. Dr. Mueller has designed
a widely recognized code that generates porosity profiles for pebble beds of various
dimensions (Ref. 12 & 13). His code requires pebble diameter, bed diameter, and bed
length to develop an average radial porosity profile. Dr. Mueller’s code-generated
porosity profile for the LSTL is shown below in Figure 14. The data shows a uniform
porosity profile out to 1 sphere diameter, at which point the packed bed randomization
begins to impact the profile. Notice that the second porosity peak is at slightly less than 2
sphere diameters from the wall. This is due to pebbles randomly overlapping, where the
outer edge of the next pebble is inside of 1 sphere diameter from the wall. The extreme
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low porosity value on the profile is due to the wall effect causing an axial centerline
column of pebbles. The first pebble layer, shown below in Figure 13, shows an outer wall
ring of pebbles, an inner ring, and a single centerline pebble. The D/d value referenced is
the ratio of bed diameter to pebble diameter.

Figure 13. CT scan of first layer pebbles at ½ sphere diameter from the bottom plate.
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Figure 14. Average radial porosity profile generated by Mueller.

The University of Tennessee Department of Nuclear Engineering has a
partnership with UT Medical Center to use medical equipment for research purposes. In
order to validate the results of Dr. Mueller’s code, a modular pebble bed was CT-scanned
and the density profiles were compared. The pebble bed was a 17” long acrylic cylinder
with a 5.5” ID filled with 1” diameter rubber balls. In order to reduce x-ray scatter and
maintain the integrity of the scan, the amount of metal objects in the scanner needed to be
minimized. The bottom of the modular pebble bed is supported by a metal screen that is
needed to support the pebbles. For the CT scan, a polyethylene circular plate was inserted
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between the rubber spheres and metal screen to reduce the effect of x-ray scatter from the
metal screen. The modular pebble bed is shown below in Figure 15.

Figure 15. Modular Pebble Bed.

The software used with the CT scanner at UT Medical Center produces a DICOM
file for every slice taken during the scan. In order to view the DICOM files correctly, an
open source software program called Image J was used. Image J allows the user to import
a sequence of DICOM file images and view the data slice by slice. Figure 16 shows a
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radial slice and its corresponding density profile. In order to develop an average porosity
profile from the DICOM files, over 100 slices were taken from the data and imported to
Excel. Gray values were then converted to porosity values by using a calibration curve. It
was determined from the data that a gray value of -1000 corresponded to a porosity of 1,
and a gray value of 750 corresponded to a porosity of 0. This resulted in a calibration
curve of

ε = −0.000571× GV + 0.42825
where GV = gray value.

Figure 16. View of a single radial slice.
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Figure 17. Density profile for a single radial slice along the yellow line in Figure 16.

Once the calibration curve was applied to the data in Excel, the porosity was
averaged for all of the slices, and a single average radial profile was generated, shown
below in Figure 18.
Because the modular pebble bed has dimensions that differ slightly from the pebble bed
in the LSTL, the CT scan results were compared to code-generated results from Dr. Gary
Mueller at Missouri University of Science & Technology. It was determined that the CTscan generated porosity profile matches D/d= 5.96. D/d for the representative pebble bed
is 5.5. The porosity profile used in the COMSOL model is one generated from Dr.
Mueller’s code with D/d = 5, which matches the LSTL pebble bed geometry.
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Figure 18. CT-scan generated porosity profile.
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Chapter 6
6.1

COMSOL Results

Salt Loop
Results of the multidimensional coupled LSTL model are presented in the

following figures. The pressure distribution through the LSTL shows most of the pressure
drop occurs through the 1” pipe sections before and after the heat exchanger, as expected.
The LSTL total pressure drop was found to be 203,398 Pa. LSTL pressure distribution is
shown in Figure 19. Minor losses in the heat exchanger are calculated by COMSOL. The
pebble bed section of the LSTL was built in a different modeling dimension (2Daxisymmetric), so the results for the pebble bed cannot be shown in the same window as
the rest of the LSTL. Pebble bed results are presented separately.

Figure 19. LSTL Pressure.
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The velocity distribution in the LSTL shows good agreement before and after the
pebble bed, and before and after the heat exchanger. LSTL velocity distribution is shown
in Figure 20. The average fluid velocity is 3.96 m/s at the heat exchanger inlet, and 3.87
m/s at the heat exchanger outlet. This is a difference of 2.3%. At the pebble bed inlet and
outlet, the fluid velocity is 0.126 m/s and 0.121 m/s, respectively. This is a difference of
3.9%.

Figure 20. Mass flow in the LSTL piping sections.
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The LSTL temperature distribution shows an interesting low-flow section in one
of the heat exchanger tubes. This phenomena is presented further in the heat exchanger
results. The LSTL model results show an overall loop ΔT of -8.6 °C, indicating more heat
is rejected by the air-cooled heat exchanger than is put into the system with loop
induction heating.

Figure 21. LSTL Temperature.
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6.2

Pebble Bed
The pebble bed velocity distribution largely follows the porosity profile. In the

near-wall region where voidage is highest, the fluid velocity is highest. Fluid velocity is
at a minimum at the pebble bed centerline where porosity is also at a minimum. The max
fluid velocity is 0.5 m/s near the SiC wall, while most of the pebble bed exhibits a fluid
velocity between 0 and 0.2 m/s. Viscous losses in the pebble bed result in a ΔP of 1137
Pa.

Figure 22. Pebble bed velocity.
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The pebble bed temperature distribution largely follows the velocity distribution,
as expected. The pebble bed average outlet temperature is higher than a hand calculation
energy balance predicts at 708.7 °C. The LSTL inlet temperature is set at 680 °C,
resulting in a pebble bed ΔT of 28.7 °C. This ΔT is higher than expected due to
COMSOL performing an area average at the pebble bed outlet. A mass flow averaged
outlet temperature, which is unavailable in COMSOL, would result in a more accurate
ΔT. Inlet temperature to the 1” piping section above the pebble bed is set by the model
coupling, based on the average pebble bed outlet temperature.

Figure 23. Pebble bed temperature.
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6.3

Heat Exchanger
The heat exchanger exhibits a larger than expected ΔT of 37.3 °C. This larger ΔT

is due to the heat transfer coefficient being calculated with a high air coolant velocity. As
a safety precaution, the heat exchanger is designed to remove more energy than can be
put into the system. During loop operation, the air velocity will have to be adjusted in
order to establish a steady state where the heat exchanger ΔT matches the pebble bed ΔT.
Temperature distribution in the heat exchanger is shown in Figure 24.

Figure 24. Heat exchanger temperature distribution.
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Wall lift-off (y+) values were generated for the mesh used in the heat exchanger.
y+ values of 11.06 are achieved in all of the heat exchanger tubes. COMSOL
recommends that y+ = 11.06 in all 3D fluid flow sections to ensure that all boundary
layer nodes are located in the viscous sublayer (Ref. 5). y+ = 11.06 is the distance from
the wall where the logarithmic layer meets the viscous sublayer. y+ values greater than
11.06 are found only at the sudden expansion located in the upper plenum of the heat
exchanger. y+ values greater than 11.06 indicate the first boundary layer mesh cells near
the wall are located further up in the logarithmic layer. y+ values are shown for the heat
exchanger in Figure 25.

Figure 25. Heat exchanger y+ values.
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The heat exchanger flow distribution indicates that one tube (2nd from the left) has
a significantly smaller flow velocity than any of the other tubes. This tube has a velocity
of less than 0.1 m/s. Most tubes have a velocity between 0.2 and 0.35 m/s. The heat
exchanger flow distribution is shown in Figure 26. In the future, examining the kinetic
energy and pressure distribution in the heat exchanger header would be valuable in
assessing the cause of this mal-distribution.

Figure 26. Heat exchanger velocity showing flow distribution in tubes.
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Table 2. LSTL Model Results
Component

Δ P, Pa

Δ T, ° C

Pebble Bed

1137

+28.7

Heat Exchanger

30,784

-37.3

LSTL

203,398

-8.6

The COMSOL pressure results show good agreement with the expected results
from Ref. 3. Both the AFT Fathom model and the Bernoulli loop analysis presented in
the following sections generate pressure drops lower than COMSOL or Ref. 3. Coolant
temperature rise in the pebble bed and temperature decrease in the heat exchanger both
differ from results in Ref. 3. In addition to reasons previously discussed, being able to
perform a mesh refinement analysis would be valuable in assessing the accuracy of these
results.
6.4

Verification
6.4.1

AFT Fathom. In order to verify pressure and velocity results from

the coupled model generated in COMSOL, a much simpler model of the LSTL was built
in AFT Fathom. AFT Fathom is an incompressible pipe flow analysis and system
modeling software for engineers used to calculate pressure drop, flow velocity, and flow
distribution. The AFT Fathom model is shown in Figure 27.
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Figure 27. AFT Fathom model of the LSTL.

An assigned mass inflow of 4.5 Kg/s acted as the pump for the system. Pipe sections with
defined diameters and elevations set to the LSTL parameters make up most of the model.
The pebble bed is represented by a general component with a circular wire screen that
cuts down the flow area to one half of the bed diameter. This yields a pressure drop (2.07
psi) similar to that of the pebble bed as calculated by the Ergun equation (2.16 psi). The
heat exchanger was selected in the AFT Fathom GUI as a single pass heat exchanger with
a 21-inch long, 14-tube configuration. Minor losses at bends, contractions, and
expansions were calculated by AFT Fathom. Pressure at the loop outlet was set to be
atmospheric.
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AFT Fathom solves input models by performing 1D incompressible hydraulic
calculations using Newton-Rapshon matrix methods. This allows the code to solve very
quickly, with this model converging in only 2 iterations and requiring only 0.05 seconds.
Tabulated results data is presented below in Tables 3 and 4. Total pressure drop through
the loop is 20.8 psig (143,371 Pa) at the assigned mass flow rate of 4.5 Kg/s.

Table 3. Results of the LSTL model built in AFT Fathom for pipe sections.

Table 4. Results of the LSTL model built in AFT Fathom for all components.
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6.5

Hand Calculations
6.5.1

Ergun Equation- Pressure Drop in Pebble Bed. Pressure drop in

randomly packed beds can be hand calculated using the standard 1D viscous loss model
with a fanning friction factor, which is based on the void fraction in a packed bed
volume. The fanning friction factor for turbulent flows is defined

ff =

"1− ε %
f
= 0.875$ 3 '
# ε &
4

where

f = darcy friction factor
ε = void fraction

In order to use the fanning friction factor for fully turbulent flows, the following equation
must be satisfied:

! ρ vo D fuel $
#
&
" µ %
> 1000
1− ε
where

ρ = fluid density
vo = superficial bed velocity
D fuel = pebble fuel diameter
µ = fluid viscosity
At a mass flow rate of 4.5 Kg/s, with ρ = 2020 Kg/m3, Dfuel = 0.03 m, and
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! ρ vo D fuel $
#
&
" µ %
µ = 0.0029 Pa-s, the turbulence equation
= 5, 269 which confirms that the flow
1− ε
in the LSTL pebble bed is fully turbulent. Assuming the LSTL pebble bed porosity, ε =
0.5, the fanning friction factor is 3.5. Now the friction factor can be applied to the
standard 1D viscous loss model:

(

P1 − P2 = 1 ρ v 2 4 f f L
2
D

)

where
L = bed length
D = bed diameter
For the LSTL pebble bed, L = 0.7 m and D = 0.15 m. This results in a viscous loss of
1,048 Pa. This pressure drop agrees very well with the 2.07 psig (14,268 Pa) pressure
drop calculated in AFT Fathom.
6.5.2

Bernoulli for LSTL. In order to hand calculate the pressure loss

throughout the rest of the loop, an analysis was performed using Bernoulli’s
incompressible flow equation, shown below:.
P1 V12
P V2
+
+ z1 = 2 + 2 + z2 + hL
ρ g 2g
ρ g 2g

Pressure drop through the heat exchanger was assumed to be 1.64 psig (11,304 Pa), as
calculated by AFT Fathom. The Bernoulli analysis with appropriate minor losses for
bends, elbows, expansions, etc. yields a total LSTL pressure drop of 23.8 psig (164,050
Pa) at the operating flow rate of 4.5 Kg/s.
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6.6

Comparison of Results
Results from the COMSOL LSTL model, AFT Fathom model, hand calculations,

and references are presented in Table 5.

Table 5. Results Comparison
Simulation

Δ P, Pa

Δ T Pebble Bed, ° C

Δ T Heat Exchanger,
°C

COMSOL

203,398

28.7

37.3

Ref. 3

205,407

20

20

AFT Fathom

143,371

-

-

Hand Calculation

164,050

23.6

-

For this model, main experimental data points of interest are ΔPpump, ΔTpebble bed,
and ΔTheat exchanger. Table 5 indicates that ΔPpump predicted by COMSOL agrees well with
Ref. 3. ΔTpebble bed predicted by COMSOL is higher than Ref. 3 or an energy balance
calculation. This discrepancy is likely due to average couplings being dependent on
geometry instead of mass flow. ΔTheat exchanger predicted by COMSOL is higher than Ref.
3. This discrepancy is likely due to the volumetric flow of air used in the Nusselt
correlation being set to the loop design rate, which is meant to remove more heat from
the system than can be added by the pebble bed. It is important to recognize that Ref. 3
results are for a closed loop, and the LSTL COMSOL model is an open loop simulation.
The open loop simulation, with a defined loop inlet temperature of 680 °C, allows the
energy input to the system to differ from energy removed by the system. During LSTL
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operation, air flow over the heat exchanger will have to be varied with fan speed so ΔTheat
exchanger matches

ΔTpebble bed.

Future work on the LSTL model could involve closing the loop by coupling the
inlet and outlet temperature. This would allow the loop temperature to vary until heat
sink performance matches the energy input to the system. In addition, examining the
kinetic energy and pressure distribution in the heat exchanger header would be valuable
in assessing the cause of heat exchanger mal-distribution.
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Chapter 7

Conclusions and Recommendations

The LSTL model designed in COMSOL provides a computationally efficient
simulation tool that determines temperature, pressure, and velocity at any point in the
loop. Working with COMSOL in a multidimensional manner requires advanced
knowledge of COMSOL’s default code settings and the necessary changes required to
make couplings possible. This takes away from COMSOL’s practicality as an easy-to-use
modeling tool, but its multidimensional functionality is one of a kind in the current CFD
arena. The LSTL model developed is unique in its use of 1D, 2D, and 3D fluid flow and
heat transfer sections. Ultimately, COMSOL’s multidimensional modeling capability
allows it to be a valuable resource for modeling large fluid flow and heat transfer systems
in an efficient and accurate manner.
The integrated LSTL model presented herein is validated against a 1D AFT
Fathom pipe network model, and component models are tested against established
engineering models via hand calculations. In general, agreement is good, and a high
degree of confidence is established in the fidelity of the COMSOL simulation.
The integrated model predicts temperatures and pressures at measurement
locations in the LSTL. This will allow refinement of models going forward, and may
inform design improvements for the loop and salt cooled pebble bed reactor. The loop
data may also be formally used as validation, following ASME Standard V V 20.
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Tables for Pressure Loss and Hand Calculations

Figure A1. Loss factor K for a gradual conical expansion.
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Figure A2. Friction factor for fully developed pipe flows.
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Figure A3. Loss factor K for valves, elbows, and tees.
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Figure A4. Loss factor K for various components.
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Nusselt Correlation Information
From Ref. 10:
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Variables listed above are defined the following figures:

Figure A5. Tube bundle arrangements (Ref. 10)
The average heat transfer from leading rows of finned tubes in bundles of staggered tube
arrangements may be higher or lower than from the inner tubes. Nun for short bundles (n
< 6) is determined by

Nu n = cn Nu
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where Nu is the average Nusselt number for a large number of tube rows (n > 6), and cn
is the correction factor depending on the number of rows taken from Figure 6.40 in Ref.
10. For the LSTL, n = 2 tube rows, which corresponds to cn = 0.88.

Figure A5. Nomenclature for flow over a bank of annular finned tubes (Ref. 10).

Figure A6. Geometrical variables for fins.
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